† Currently available retrospective clinical data are inconclusive, and the results of prospective studies are pending, making drastic changes to current paediatric anaesthesia practice premature.
Summary. Accumulating preclinical and clinical evidence suggests the possibility of neurotoxicity from neonatal exposure to general anaesthetics. Here, we review the weight of the evidence from both human and animal studies and discuss the putative mechanisms of injury and options for protective strategies. Our review identified 55 rodent studies, seven primate studies, and nine clinical studies of interest. While the preclinical data consistently demonstrate robust apoptosis in the nervous system after anaesthetic exposure, only a few studies have performed cognitive followup. Nonetheless, the emerging evidence that the primate brain is vulnerable to anaesthetic-induced apoptosis is of concern. The impact of surgery on anaesthetic-induced brain injury has not been adequately addressed yet. The clinical data, comprising largely retrospective cohort database analyses, are inconclusive, in part due to confounding variables inherent in these observational epidemiological approaches. This places even greater emphasis on prospective approaches to this problem, such as the ongoing GAS trial and PANDA study.
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In this systematic review, we will update previous reviews of this topic published in the BJA 1 -3 by describing the current weight of preclinical evidence for anaesthetic-induced neurodegeneration in the neonatal brain, along with a discussion of putative mechanisms of injury and potential adverse effects of surgery on neurodevelopment. Then, we review the clinical literature and ongoing prospective investigations that should shed further light on the potential harm of anaesthesia, surgery, or both in the neonatal period. Preclinical studies in rodents and primates have shown that anaesthesia is neurotoxic to the developing brain after exposure in the neonatal period. 1 4-13 This neurotoxicity manifests as a pathological increase in apoptosis (programmed cell death), although other effects such as impaired neurogenesis and neuroinflammation likely also contribute. These studies randomized healthy neonatal animals to anaesthetic exposure or not; hence, a causal relationship has been established between the anaesthetic and neonatal brain injury. Furthermore, such neurotoxicity has been observed with exposure to drugs with similar mechanisms of action such as antiepileptic medications 14 and ethanol. 15 Significant concern has arisen that present medical therapies could expose neonates to neurotoxicity.
Furthermore, in some animal studies, the anaesthetic injury is associated with impaired cognition that persists into adulthood. In primates, 24 h of ketamine exposure leads to apoptosis 8 and cognitive impairment up to 3.5 yr after the insult. 10 Several rodent studies also support this assertion of prolonged cognitive compromise associated with apoptosis after anaesthetic exposure. 1 4 7 11 16 Thus, the brain injury adversely affects neurodevelopment and leads to long-term impairment in cognition, at least in animals. The difficulties of replicating these studies in humans include the ethical obstacle of being unable to randomize neonates to having an anaesthetic or not; it is unacceptable to perform surgery without any anaesthetic and it is unacceptable to give a neonate anaesthesia for no reason. 1 11 Both these options would likely provoke greater harm than current practice. 1 11 Therefore, current clinical studies have been limited to an observational cohort design, with the incumbent issues of confounding factors. These accumulating clinical data cannot exclude a clinically important effect of neonatal and paediatric anaesthesia and surgery on cognition in later life. 17 -26 While these studies have used hetero-confounding effects), they provide sufficient preliminary evidence to cause concern in clinicians and parents alike.
Search strategy methods
To provide an update on the weight of preclinical and clinical evidence of harm of anaesthetics and surgery on neurodevelopment, we performed literature searches for preclinical and clinical data. J.H. performed the search for preclinical data using the search terms: an(a)esth*, neuroapoptosis, neuronal cell death, develop* brain, and neurodevelop*. The results included in vivo studies identified in Tables 1 (rodents) and 2 (primates). Two piglet studies were identified but were not tabulated. This search was designed to highlight the scope of the preclinical literature pertaining to anaesthetic-induced neurodegeneration in the developing brain. This search revealed an initial 4379 titles that were reviewed for relevance. Fifty-five rodent, two piglet, and seven primate studies were identified. The search for clinical data was conducted by R.D.S. using the search terms: cognitive or behavioral disorder and anaesth* with the following limits: published in the last 10 yr, humans, English, infant: birth-23 months. To be included in the systematic review, some attempt to compare an anaesthetic exposed group with a non-exposed control group was required. However, we did include studies that used population controls, even if exposure status was not defined in this population. We only included studies of anaesthesia, not intensive care sedation, and only included studies from non-cardiac nonneurological surgery in term births. Our search revealed 3727 hits and the titles were then searched for relevant studies. The reference list of relevant studies and recent reviews were also hand searched for additional studies. Our formal search results are displayed in Table 3 .
Preclinical evidence for anaesthetic-induced neurodegeneration: rodent studies
After the seminal work of Jevtovic-Todorovic and colleagues 4 and Ikonomidou and colleagues, 13 numerous studies have now demonstrated that exposure of neonatal rodents to anaesthetics induces apoptosis in the developing brain (Table 1 ). This injury is most readily observed in the first 2 weeks of life in rodents when synaptogenesis peaks. The exact clinical correlate for this injury is unknown. Many factors influence the translation of these findings to humans, one being that synaptogenesis extends for many years post-partum in humans, suggesting that the window of vulnerability in humans may be longer. 27 Most rodent studies have also used relatively long exposures to anaesthetics, although isoflurane has been shown to induce apoptosis after exposure for just 1 h at concentrations of ,1 MAC. 28 While ketamine and other N-methyl-D-aspartate (NMDA) antagonist drugs were initially implicated, 13 different combinations of agents have also been shown to induce apoptosis such as midazolam -nitrous oxide-isoflurane, 4 nitrous oxide-isoflurane, 29 or combinations of ketamine and thiopental or propofol. 30 Similarly, benzodiazepine drugs, such as midazolam, 31 have been shown to be toxic.
Perhaps of most significance to modern neonatal clinical practice is that all volatile anaesthetics, and propofol, 32 have been shown to induce the injury. 7 33-35 The apoptosis is widespread among central nervous system loci, with cortical, thalamic, basal ganglia, and hippocampal injury prominent; the injury is also present in the spinal cord. 4 6 7 36 Significant effects on neurogenesis have also been noted, with suppressed proliferation of neural progenitors observed for 5 days after isoflurane exposure to 7-day-old rat pups. 37 This is paralleled by effects of isoflurane 38 (but not propofol) 39 on neuronal growth in in vitro culture, suggesting direct effects on these progenitor cells. Neurogenesis is important for both cognitive function and particularly brain repair; therefore, the inhibitory effects of isoflurane on neurogenesis likely play an important part in the development of impaired cognition in rodents.
When long-term follow-up of neonatal anaesthetic exposure have been performed, the majority of studies have identified some cognitive impairment persisiting into adulthood. This relatively consistent finding is of particular interest, given the wide range of different tests used. Rodent studies suggest that general anaesthetics do not induce long-term motor impairment or altered nociceptive processing 6 but do impair memory function, likely through injury in both the hippocampus and frontal cortex. 4 6 7 Another study noted that anaesthetic exposure leads to behaviours that may be akin to autism; 34 this is particularly interesting as many clinical studies have focused on behavioural abnormalities rather than overt cognition. Of course, sophisticated cognitive function is difficult to test in rodents, limiting our knowledge about the exact effect on cognitive and other neurobehavioural domains. Rodent studies are also difficult to interpret due to the limited ability to control and monitor the physiology of the animal during anaesthesia. Indeed, in some of the studies, some of the newborn rodents die during anaesthesia implying that physiological control is not comparable with that in humans.
Spinal anaesthesia also exerts some neurotoxic effects (recently reviewed by Walker and Yaksh) 40 with ketamine again implicated. Intrathecal ketamine induced-apoptosis in the spinal cord was associated with abnormal gait and altered nociceptive processing. 41 Further information is needed on the effects of local anaesthetics, although recent data do not indicate harm. 36 Similarly, morphine and clonidine do not induce apoptosis when administered intrathecally to rats.
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In utero exposure to isoflurane also leads to apoptosis in the rat fetal hippocampus and retrosplenial cortex. 43 In a separate study, exposure to 1.4% isoflurane for 4 h during 1 day of pregnancy led to abnormal spatial memory acquisition and reduced anxiety in rats in adulthood. 44 Hence, there is evidence that the rodent fetus, like the neonates, is vulnerable to developmental neurotoxicity. Preclinical evidence for anaesthetic-induced neurodegeneration: piglets and primates
Non-rodent mammals, including piglets and non-human primates, are also vulnerable to injury. Piglets are of particular interest as their brain development closely parallels humans, with synaptogenesis occurring pre-and postnatally. Isoflurane -nitrous oxide induced apoptosis in a single 5-day-old piglet. 12 In a second piglet study, isoflurane -nitrous oxide was shown to cause more damage in intrauterine growth restricted piglets than in normal birth weight piglets (though there were no non-anaesthetized controls). 45 Further useful information could be gleaned by studying piglets as their brain growth spurt, myelination, and development of electrical activity are thought to be similar to humans. 46 Importantly, anaesthetic injury is also observed in the primate brain ( Table 2 ). The initial studies involved ketamine exposure for 3, 5, 9, and 24 h at a 'surgical plane' of anaesthesia. Unlike many of the rodent studies, in primates, there was good control of physiological variables. 8 10 47 48 The doses used were much higher than would be used in humans. However, it is well known that animals require higher doses (on a mg kg 21 basis) of some anaesthetics such as ketamine to produce anaesthesia, and these doses were necessary to simulate 'clinical' conditions. Exposure to 5, 9, or 24 h of ketamine produced robust apoptosis in the frontal cortex in 5-day-old monkeys; however, a 3 h exposure was not toxic. 8 47 Twenty-four hours of ketamine produced no apoptosis in 35-day-old monkeys. Although the lack of effect seen with 3 h of exposure is reassuring, the limited number of animals studied and focus on only one brain injury somewhat limits conclusions about the relative safety of just a 3 h exposure. Ketamine administration for 24 h has also been associated with long-term cognitive impairment up to 3.5 yr later 10 using the Operant Test
Battery, a test that correlates with intelligence in children.
The cognitive impairments induced in rhesus monkeys are relatively 'high level' involving both learning and concept formation, consistent with significant apoptosis in the frontal cortex. Ketamine injury is also apparent in primate fetus with exposure during pregnancy. In fact, the rhesus fetus is more vulnerable than the neonate. 47 The fetal stage examined in the rhesus macaque appears to correlate with the last trimester of human pregnancy or premature birth. 27 Isoflurane has also been shown to induce apoptosis in the neonatal rhesus monkey brain after a 5 h exposure at an anaesthetic dose very similar to that required in humans (0.7 -1.5%). 48 The areas particularly affected include layers II, V, and VI in the frontal, somatosensory (primary visual areas), and temporal cortices. This indicates that diverse neuronal types, in widely distributed regions throughout the cerebral cortex, are vulnerable. The authors argue that, in terms of brain development, these monkeys are comparable with 6-month-old infants, and suggesting that humans up to that age might be vulnerable. 48 A similar study has shown that in addition to neurones, isoflurane also produces degeneration of oligodendrocytes, cells that play a key role in myelinating axons. 49 A single exposure to 5 h of isoflurane led to loss of around 6.3% of the total population of myelinating oligodendrocytes; the biological consequences of reducing myelinating oligodendrocytes from the developing brain may include disruption of myelinogenesis and pathological changes in axonal structure or function. The oligodendrocyte degeneration induced by isoflurane in neonates differs from that in the preterm brain where it is loss of the premyelinating oligodendrocytes that occurs due to their increased vulnerability at this developmental stage of brain development. Data are accumulating regarding the diverse range of injuries induced by anaesthetics; however, significant questions remain in how to translate these findings to humans. Critical issues include the different doses required, how to compare periods of development across species, how to interpret neurobehavioural outcomes in animals and humans, and the degree of physiological control during anaesthesia. The relatively long exposure time used in animal models to induce injury also entails some uncertainty. The rodent brain develops over a much shorter period than humans, so the relative period of anaesthesia is considerably greater in rodents. Lastly, the influence of surgery itself is unknown. An understanding of the putative mechanisms of injury is essential to knowing how to translate these findings to humans.
Putative mechanism of the anaesthetic injury
One hypothesis for the mechanism underlying the neurotoxic effect of anaesthesia is that suppression of neurotrophic synaptic signalling leads to apoptosis of the postsynaptic neurone, 50 via both the intrinsic and extrinsic apoptotic pathways 16 29 ( Fig. 1) . This hypothesis directly links the putative mechanisms of anaesthesia 51 52 to the mechanisms of neurotoxicity in the newborn. In terms of neurodevelopment, the anaesthetic suppression of synaptic activity might make the dying neurone redundant and lead to programmed cell death, known as apoptosis. This is consistent with the known effects of synaptic signalling in neurodevelopment; 50 the abundance of rapid-eye-movement sleep in the neonatal period (providing an active brain in a restful baby and presumably avoiding neurone-suppressing effects of non-rapid-eye-movement sleep); 53 and the known effects of anaesthesia on synaptic activity. 52 54 One possibility is that the anaesthetic-induced suppression of synaptic activity leads to altered processing of the neurotrophin brain-derived neurotrophic factor (BDNF), leading to the cell death promoting form of the neurotrophin. 55 Manipulating this pathway might be one way to prevent postsynaptic neuronal apoptosis. 55 Neuronal apoptosis typically occurs through two distinct signalling pathways, the intrinsic and extrinsic apoptotic pathways 16 29 (Fig. 1) . The intrinsic pathway involves internal signals activating a mitochondrial-dependent pathway with the release of cytochrome c, activation of the pro-apoptotic factor BAX, and ultimately DNA cleavage and cell death. The loss of synaptic activity can lead to apoptosis through direct activation of the intrinsic apoptotic cascade. 56 The exact molecular mechanism through which anaesthetics suppress synaptic signalling is unclear, although effects on glutamate (e.g. NMDA receptors) and g-aminobutyric acid (GABA) synaptic transmission seem likely. 1 Interestingly, the GABA A antagonist gabazine does not reverse the apoptotic effects of isoflurane in vitro, suggesting that chloride permeable GABA A receptors might not be solely responsible. 7 However, given that several GABAergic drugs (such as midazolam, propofol, thiopental, and the volatile anaesthetics) induce apoptosis, it is premature to dismiss this mechanism. A role for chloride gradients has been implicated in the toxicity, since the Na
bumetanide reverses sevoflurane-induced apoptosis. 57 Beyond any putative role of chloride gradients, there are several synaptic and intracellular targets that still require evaluation before the mechanism is more clearly understood. For example, suppression of pro-survival extracellular-related kinase (ERK) signalling has been associated with apoptosis from ketamine, propofol, and/or isoflurane; rescue of this pathway with lithium 58 or dexmedetomidine 35 protects against neuroapoptosis.
The extrinsic pathway is typically triggered by external stimuli such as the cytokine tumour necrosis factor (TNF)-a. While anaesthetic and sedative agents typically exert antiinflammatory effects in the adult, 59 in the young, the effects seem largely pro-inflammatory. 60 This pro-inflammatory effect might not only stimulate the extrinisic apoptotic cascade but could also synergize with other inflammatory stimuli such as pain and surgery. This hypothesis requires further testing. The reason for this pro-inflammatory effect is unclear, although it might relate to altered GABA A signalling with neurodevelopment. At birth, GABA A receptor activation can be excitatory, and this switches to the adult inhibitory effect with ageing. This might mean that the immune effects of GABA A signalling switch from a pro-to antiinflammatory effect with development. 59 61 Interestingly, not all neurones are vulnerable to injury. Glutamatergic, GABAergic, and dopaminergic neurones die after anaesthetic exposure to neonatal rats; however, cholinergic neurones are resistant. 62 Hence, it can be hypothesized that neurones innervated by cholinergic neurones are vulnerable to anaesthetic injury as neurotrophic cholinergic signalling is suppressed. The distributed nature of these neurones implies that this does not account for all cell death. Nonetheless, as anaesthesia is known to suppress cholinergic signalling, 63 it is possible that cholinergic manipulation is another way of altering apoptosis, particularly in the cortex where cholinergic innervation is extensive. Given the distinct type of anaesthesia induced by ketamine, it may not be prudent to assume that similar pathways are involved in its neuroapoptotic mechanism compared with volatile agents. Another hypothesis that has emerged is that anaesthetics induce seizure activity to cause neurotoxicity based on work with sevoflurane in neonatal rats. 57 Studies are required to understand if a similar activity occurs in the human neonatal brain under anaesthesia. Despite suggestions that suppression of neural activity or the opposite-seizure activity-underpins the anaesthetic brain injury, there are limited data correlating EEG or neuroimaging activity with injury in vivo. 57 Further mechanistic studies investigating non-invasive translational markers of anaesthetic injury, such as EEG, are required. The effect of anaesthetic exposure on hypoxic-ischaemic brain injury in the neonate is unclear. One study demonstrated that a 2 h hypoxic exposure the day before anaesthetic injury increased the subsequent apoptosis. 64 This suggests that neonates with prior, even mild, brain injury may be more susceptible to anaesthetic injury and thus may represent a vulnerable cohort of patients. Further preclinical study is required.
Agents that reduce the injury
Insights might also be afforded by examining the accumulating data for agents that can protect against anaesthetic neurotoxicity, which comes entirely from rodent studies (relevant studies are highlighted in italic in Table 1 ). One of the more promising class of agents that might provide neuroprotection against anaesthetic-induced apoptosis is the a 2 -adrenergic agonists, which can exert cognitive protection. 7 35 a 2 -Adrenoceptors are known to play a key role in neurodevelopment underlying the rationale for targeting this receptor. Dexmedetomidine and clonidine are the only drugs that have been shown to reduce anaesthetic-induced apoptosis and also prevent subsequent decline in cognition (although neither are completely attenuated). 7 35 65 The protective effect of dexmedetomidine was shown against isoflurane injury, and was attenuated in the hippocampus by an a 2 -adrenoceptor antagonist indicating involvement of a 2 -adrenoceptors. 7 Dexmedetomidine also reversed the cognitive impairment induced by isoflurane. Furthermore, clonidine protects against ketamine neuroapoptosis and behavioural abnormalities. 65 Importantly, a 2 -agonists do not themselves provoke apoptosis or produce neurological abnormalities by either systemic or spinal injection. 7 42 65 Xenon is another candidate neuroprotective drug; xenon itself shows minimal toxicity but also can attenuate isoflurane-induced apoptosis when given with isoflurane 29 or before isoflurane. 64 This effect of xenon is particularly intriguing as it is an NMDA antagonist, similar to ketamine, but is protective rather than toxic. The expense and difficulties in administering xenon may mitigate against its development for neonatal anaesthesia however. Melatonin 5 66 and b-estradiol 14 67 provide protection against anaesthetic and anti-epileptic drug-induced apoptosis in rats. Both are known to act as free radical scavengers, antiinflammatory, and anti-apoptotic agents. They target the intrinsic apoptotic pathway, 5 14 66 67 which is up-regulated in anaesthetic injury, 29 and hence they are plausible candidates of neuroprotective drugs. Other agents such as lithium, 58 68 hypothermia, 69 L-carnitine, 70 xestospongin-C, 71 bumetanide, 57 and erythropoeitin 72 can also provide protection, but further studies are required to confirm these observations and to allow clinical translation. The possibility of modulating the BDNF pathway to promote cell survival, rather than cell death, is also of particular interest, 55 especially if combined with anaesthetic drugs that up-regulate BDNF expression. 5 29 67 Most of the signalling pathways that have been manipulated so far to reduce anaesthetic-induced apoptosis involve the intrinsic apoptotic cascade, particularly modulating the Bcl-2 or Bcl-XL to Bax ratio (Fig. 1) . The potential to modulate other contributing factors, including the extrinsic pathway, needs further attention. Furthermore, all of these proposed therapies need to be trialled in animal models other than rodents, given the limited clinical translation from rodent models to humans. Environmental enrichment can improve cognitive function after neonatal exposure to sevoflurane in rats, suggesting that it might be possible to compensate for the injury. 73 However, anaesthetic-exposed rodents might not learn as fast as non-exposed rats, 73 similar to primates. 10 Hence, it is unclear whether this really constitutes a therapeutic nonpharmacological protective strategy.
Potential impact of surgery on neurodevelopment
Neonatal pain, induced by surgery, is known to induce longterm behavioural effects in animals and humans, 1 74 emphasizing the need for adequate analgesia in the perioperative period. In neonatal rodents, brief inflammatory pain leads to increased neuronal activation and cell death, particularly in immature animals. 75 The combination of glial cell activation, pro-inflammatory cytokine release, and prolonged pain is likely to produce prolonged neuronal hyperexcitability in cortical and subcortical areas. Cell death might result from this prolonged excitation. 75 Anaesthesia is given in the context of surgery to prevent harmful effects of painful stimulation; the impact of surgery on anaesthetic injury is thus of great clinical significance. There are only limited, and conflicting, data on the influence of surgical stimulus on the anaesthetic injury. Nociceptive stimuli (surgical incision or formalin) provided during 6 h of nitrous oxide -isoflurane anaesthesia exacerbated neuroapoptosis and long-term cognitive impairment in rat pups. 76 This might be driven by exacerbation of extrinsic apoptotic signalling through inflammation (Fig. 1) . However, limitations of this animal model include the lack of physiological control and realistic surgical stimulation. Others have shown that tissue injury, induced by tail clamping, has no influence on sevoflurane-induced apoptosis, 73 while another group found that ketamine-induced neuroapoptosis was antagonized by noxious stimulation. 77 The apparent inconsistencies in these studies might be explained by the differing molecular targets affected by ketamine, sevoflurane, and isoflurane-nitrous oxide. For example, ketamine is known to possess anti-inflammatory properties and does not target GABA A receptors, so the difference between the effect of noxious stimulation on the two anaesthetic regimens could relate to the different anaesthetic drugs studied. Another difference is in the degree of tissue injury and surgical stimulus. The relative toxic or protective effects of the anaesthetic might depend on the size of the injury relative to the duration and dose of anaesthetic. Hence, studies are required to address how surgical stimulation affects anaesthetic-induced injury in a large animal model where physiological variables can be better controlled.
The impact of surgery, in addition to anaesthesia, on perinatal brain injury also requires further investigation as inflammatory stimulation could exacerbate the previously incurred hypoxicischaemic injury. 78 Surgery induces significant pain that might exacerbate the excitotoxic injury of hypoxia-ischaemia by augmenting neuronal activity. Furthermore, surgical trauma is characterized by pro-inflammatory cytokine release, microcirculatory disturbance, and cell-mediated immune dysfunction, followed by a compensatory anti-inflammatory response. Also directly altering neuronal function, 79 these inflammatory changes might provoke further degeneration, 80 including activation of the extrinsic apoptotic cascade leading to further neuronal death.
Epidemiology evidence for anaesthetic and surgical effects on neurodevelopment
There are numerous cohort and cross-sectional studies that have investigated the association between surgery, anaesthesia, and cognitive or neurobehavioural outcome, with conflicting results. A recent systematic review and Bayesian meta-analysis identified 12 retrospective epidemiology studies relevant to anaesthetic neurotoxicity in children. Seven of these were included in the analysis, involving 40 685 children. 18 Bayesian meta-analysis differs from the standard meta-analytic approach as it seeks to identify the odds ratio of the mean effect size and calculate the likelihood that any future study would identify the same mean effect size. A measure of uncertainty in the finding is also produced: the credible interval. The model takes into account the prior beliefs of the investigators (in this case, that anaesthesia exerts no toxic effect). These data can be 'synthesized' to produce a summary of the data, but also can be used to form a 'predictive' model for a future study and hence has value in the planning of research. Importantly, there was significant heterogeneity between the studies for both the unadjusted and adjusted outcome of adverse neurodevelopmental and behavioural outcome of the analysis for 'exposed to any anaesthesia'. The unadjusted odds ratio was 1.9 (95% credible interval 1.2-3.0) for the synthesized data, although for the predictive model, the odds ratio was 2.2 (95% credible interval 0.6-6.1). The adjusted odds ratio was 1.4 (95% credible interval 0.9 -2.2) for the data synthesis, and for the predictive model, the odds ratio was 1.5 (95% credible interval 0.5-4.0). Using this technique, the authors concluded that there is a 'modestly elevated risk of adverse behavioral or developmental outcomes in children who were exposed to anesthesia/surgery during early childhood. The evidence, however, is considerably uncertain'.
Systematic review of epidemiology studies
We have conducted our own systematic review of the literature and provide a descriptive table to the reader where we have evaluated the methodology and grade of evidence for each study (Table 3 ). This information is provided, so the reader can appreciate the accumulating clinical evidence that anaesthetics and surgery could induce harm. We identified nine studies in total, 17 19 -25 81 and we systematically graded the evidence 82 from each study, and also detailing their strengths and weaknesses.
Excluded studies
To be included in the systematic review, some attempt to compare an exposed group with a non-exposed control group was required; however, we did include studies using population controls. 17 25 One excluded study (due to a lack of a non-exposed control group) found that the point estimate for neurobehavioural impairment was non-significantly higher for operations at a younger age (under 24 months of age); however, the confidence intervals were wide, overlapping with one. 83 One study, which was incorporated in the Bayesian meta-analysis, 18 was excluded as it pertained to intensive care sedation rather than anaesthesia and surgery. 84 This study did not find an association between the duration of sedation for mechanical ventilation in premature neonates and adverse cognitive outcome. 84 In contrast, another small study found that anaesthesia and surgery in premature neonates was associated with impaired mental development index and reduced brain volumes and increased white matter injury on magnetic resonance imaging at 2 yr of age. 85 This study was also not included in our Table 3 as it focused on preterm brain injury. It is important to note that morphine use in the neonatal intensive care unit has been associated with impaired cognitive function at 5 yr of age as assessed by the visual analysis IQ subtest. 86 We did not include studies that found that neuraxial labour analgesia 87 or anaesthesia for Caesarean section 81 were not associated with adverse cognitive outcomes.
Included studies
The majority of studies included in our review had robust methodology (indicated by a Newcastle-Ottawa score of .8*; Table 3 ). Nonetheless, there is heterogeneity in the approaches, degree of confounding, and endpoints analysed. Despite these limitations, the cumulative data suggest a small increase in the risk of adverse neurodevelopmental outcome with exposure to anaesthesia and surgery. All nine studies provided some evidence that anaesthesia and surgery might be associated with impairments in cognition or behaviour (Table 3) . Furthermore, there is some evidence that the risk increases with increased cumulative exposure to anaesthesia and surgery. 22 -24 Of course, given the observational nature of these studies, it is difficult to dissect the effect of anaesthesia from the effect of surgery, or the underlying pathology driving the need for surgery, or patient comorbidities. Another limitation of these studies is the limited information about perioperative care, including anaesthetic drugs, haemodynamics, postoperative care, complications, and comorbidities. Furthermore, the relevance of the anaesthetic techniques and perioperative care used in these retrospective studies to modern practice is unclear (as many of the studies date back decades to allow sufficient patient follow-up). Therefore, there is significant reason to be uncertain about the clinical data, as suggested by the Bayesian meta-analysis. One study is worth particular attention as it compared twins where one twin was exposed to anaesthesia and surgery and the other was not. 26 This study found that educational achievement scores were significantly lower than the population norm for males exposed to anaesthesia but nonsignificantly lower for females. However, no difference was detected between monozygotic twins where one twin was exposed and another was not. The authors use these data to argue that there is not a causal relationship between anaesthesia and surgery and adverse cognitive outcomes. 26 However, the limited sample size precludes any definitive conclusions. Another limitation of this study and other similar studies is the relatively coarse outcome measure. Finding no effect in a summary score such as composite school score does not exclude effects in neurobehavioural subdomains. A similar criticism can be made of another study that reported no effect of anaesthesia and surgery on academic achievement; 17 more subtle tests might have identified a difference.
Against this, the same study suggested that anaesthesia and surgery increases the risk of not obtaining any test score, consistent with a profound deficit in cognition. Therefore, even within studies, interpretation of the data can be difficult. The other seven studies largely provide point estimates that suggest there might be harm from anaesthesia and surgery, but with confidence intervals that are too wide to allow confidence in their findings. Given the limitations of these observational studies, it is difficult to draw any firm conclusions. At best, they suggest that an association between anaesthesia exposure and adverse outcome is possible, but this cannot be definitely confirmed or ruled out. This emphasizes the need for further high-quality prospective approaches to this problem.
Prospective studies of the effect of anaesthetics and surgery on neurodevelopment
The significant limitations of the retrospective observational epidemiology studies mandate prospective approaches to studying the effects of anaesthesia and surgery on neurodevelopment. 11 88 Two important studies underway include the GAS trial and PANDA cohort study. The GAS trial is a randomized controlled trial of general anaesthesia compared with spinal anaesthesia for hernia surgery in more than 700 neonates. 89 Randomization is stratified by age and by site to ensure balanced groups. The aim is to discern whether general anaesthesia and awake regional anaesthesia have similar effects on cognitive function at 2 and 5 yr of age. The GAS trial is likely to complete recruitment in February 2013. PANDA (Pediatric Anesthesia and NeuroDevelopment Assessment) is a cohort study that will enrol 500 sibling matched pairs (1000 children) who underwent hernia surgery under general anaesthesia (ASA I -II) before 36 months of age. 2 The children will undergo a series of neuropsychological tests between 8 and 15 yr of age. The results of a recent pilot study for PANDA 90 suggest that it will have adequate power to detect statistically significant differences in total IQ (mean difference of four points, standard deviation of 17 points; a ¼ 0.05; b ¼ 0.8).
Future investigations into the neurodevelopmental effects of perioperative care
There are numerous outstanding questions, not least the clinical relevance of the large amount of preclinical evidence for harm of anaesthetic exposure. It remains to be seen whether neuroprotective agents, effective in rodents, can provide clinical protection. Here, an important step will be translation via large animal models such as the piglet or primate that share greater similarities to human neurodevelopment. 91 We are a long way from clinical trials of these putative neuroprotective agents. Rather we emphasize the need for further prospective studies and translational research approaches to the problem. The prospect of 'in human' neuroimaging to detect injury must be explored further, 85 and also non-invasive biomarkers of injury such as the EEG. In the short term, we are not able to issue clinical guidelines. 11 We would not recommend reducing or increasing the anaesthetic dose and there is a lack of evidence to support neuroprotective interventions unless they are indicated for other purposes (e.g. premedication or analgesia).
Conclusions
The increasing public exposure of research in this area is making parents increasingly aware that anaesthetic exposure could affect neurodevelopment in children. We suggest that is currently only weak evidence that anaesthesia is harmful but that withholding or significantly altering established anaesthesia techniques is likely more harmful. 1 11 In some circumstances, delaying surgery might be appropriate; however, surgery in children is rarely ever elective and delay can also cause harm. We recommend that any discussion over delaying an operation should involve the surgeon.
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